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We report optical studies of high-quality 1.3 m strain-compensated GaInNAs/ GaAs single-quantum-well structures grown by metalorganic vapor phase epitaxy. Photoluminescence excitation ͑PLE͒ spectroscopy shows clearly the electronic structure of the two-dimensional quantum well. The transition energies between quantized states of the electrons and holes are in agreement with theoretical calculations based on the band anti-crossing model in which the localized N states interact with the extended states in the conduction band. We also investigated the polarization properties of the luminescence by polarized edge-emission measurements. Luminescence bands with different polarization characters arising from the electron to heavy-hole and light-hole transitions, respectively, have been identified and verify the transition assignment observed in the PLE spectrum. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1868866͔
There has been intense interest recently in dilute-nitride III-V compound semiconductors and their related heterostructures.
1-3 Apart from intriguing fundamental physical properties, these materials have been proposed for various optoelectronic devices. Ga ͑1−x͒ In x N y As ͑1−y͒ / GaAs heterostructures, in particular, are considered advantageous over InP-based material systems for selected important devices in optical fiber communications. Various devices with attractive performance based on GaInNAs materials have been developed in the ϳ1.3 m wavelength range, [4] [5] [6] [7] and recently there have been substantial advances in the growth of 1.55 m materials. 8 Despite all this progress, growth of high-quality materials is still an important issue. Up to now, most of the GaInNAs material has been grown by molecularbeam epitaxy ͑MBE͒. For practical applications, the metalorganic vapor phase epitaxy ͑MOVPE͒ technique is generally preferred because of its advantages in controllable growth and large-scale production. Currently, most efforts on MOVPE growth are still focused on optimizing the growth conditions of the active quantum-well ͑QW͒ structures, 9, 10 although there are recent reports of high-performance edgeemitting diode lasers based on GaInNAs/ GaAs QWs grown by MOVPE. 11, 12 Now that device-quality material grown by MOVPE is emerging, it is important to study the optical properties of this material to compare and contrast parameters and modeling in detail to the MBE case. [13] [14] [15] [16] [17] [18] In this letter, we investigate the detailed optical characterization of high-quality strain-compensated GaInNAs single-quantumwell ͑SQW͒ material grown by MOVPE, from a growth system proven to produce high-performance laser diodes. 12 In addition to the interband transitions between quantized QW states observed by photoluminescence excitation ͑PLE͒, polarized PL properties are also reported, which is important on the one hand to verify the transition assignments and modeling approach, and on the other hand for the development of devices such as polarization-insensitive semiconductor optical amplifiers.
The samples used in this study are grown by MOVPE in a horizontal-type reactor at low pressure ͑100 mbar͒ on epiready ͑001͒ GaAs substrates. The SQW structure consists of an 8.5 nm Ga 0.65 In 0.35 N y As 1−y QW sandwiched between two 1 nm GaN 0.02 As 0.98 strain-compensated layers and the GaAs barriers. The advantages of inserting such straincompensated layers have been described in Ref. 19 . Triethylgallium, trimethylindium, tertiarybutylarsine ͑TBA͒, and 1,1-dimethyl hydrazine ͑DMHy͒ were used as respective precursors for the sources of Ga, In, As, and N, to grow the GaInNAs layers. A 100 nm GaAs capping layer was grown at the QW growth temperature of 470°C. All GaInNAs QW samples were in situ annealed at 650°C for 10 min in AsH 3 ambient. The resultant samples exhibit a mirror-like surface and show clear interfaces between the layers, as observed by high-resolution transmission electron microscopy. The N composition in the QW is dependent on the gas-flow ratio of DMHy to TBA. For a SQW, it is hard to determine the N composition precisely. As can be seen later, we determine it by modeling the optical transition energies determined from PLE spectra. For general PL measurements, the samples were excited by a high-power diode laser ͑670 nm͒, and the PL signal was collected in conventional backscattering geometry. For polarized PL measurements, the excitation laser was directed perpendicular to the layer plane at the edge of the sample, and the PL signal was observed along the layer plane. A linear polarizer was used to analyze the polarization properties of the PL. Figure 1 shows representative PL and PLE spectra for a sample that emits at a peak wavelength of 1340 nm at a͒ Author to whom correspondence should be addressed; electronic mail: handong.sun@strath.ac.uk 300 K. The step-like features in the PLE spectrum represent the typical joint density of states of two-dimensional QW structures. In order to identify the electronic states, we calculated the band structure based on the band anti-crossing ͑BAC͒ model, in which the localized N states interact with the extended states in the conduction band, 20, 21 taking strain effects into account. The valence band structure in the QW is determined using a Luttinger-Kohn Hamiltonian. 22 The band alignment between Ga 1−x In x As/ GaAs systems is In content dependent, and therefore the ratio of band offset in conduction band to that in valence band with x = 35% is chosen to be 0.8/ 0.2. 23 With respect to the alignment between GaNAs and GaAs, as there is still controversy on this issue, we follow the idea of BAC model and consider that N only influences the conduction band in GaNAs and the valence band is aligned with GaAs. As the N concentration in the well is not exactly known, we have calculated the N-content dependence of the interband transition energies. By comparing the modeled results and experiment, we deduced the N content to be 1.2%. With the assumption of the coupling strength between the localized N states and the extended states in the conduction band as ͑a typical͒ 2.45, the calculated first electron state-first heavy-hole state ͑e 1 -hh 1 ͒ and first electron state-first light-hole state ͑e 1 -lh 1 ͒ transition energies were in good agreement with the measurements, as denoted on the PLE spectrum ͑Fig. 1͒.
The PL properties have been investigated in detail by measurements under conditions of varying excitation intensity and temperature. Figure 2͑a͒ shows the normalized PL spectra of the sample under the excitation power of I 0 = 84 mW at various temperatures. The PL peak energy as a function of temperature is plotted in Fig. 3 , in which Varshni empirical equation E͑T͒ = E͑0͒ − ␣T 2 / ͑T + ␤͒ which describes the temperature dependence of band gaps in semiconductors is also plotted. At high temperatures, the experimental PL energies agree very well with the Varshni equation. Leastsquares fitting gives the fitting parameters ␣ and ␤ as 4.6 ϫ 10 −4 eV/ K and 254.2, respectively. The energy of the e 1 -hh 1 transition observed in the PLE spectrum is denoted as a solid circle in the figure, which is very close to the extrapolation of Varshni formula to low temperature. Therefore, it is concluded that the main PL at high temperature originated in recombination from extended QW states ͑e 1 -hh 1 transition͒. However, with the decrease of temperature, the PL peak energies deviate gradually from ͑are lower than͒ the Varshni equation. This implies that at low temperatures, the PL mechanism is not from the extended QW states but from localized states. 24 Figure 2͑b͒ shows the PL spectra of the same sample measured at 14.8 K with differing excitation intensity. It is noted that the main PL peak shifts to higher energy as the excitation intensity increases. A similar phenomenon has also been observed in MBE-grown GaInNAs/ GaAs multiple quantum wells ͑MQWs͒, and can be attributed to the saturation effect of localized states. 24 A striking feature in Fig. 2͑b͒ is that with the increase of the excitation intensity there appears another emission band on the higher energy side denoted by a solid circle. It is also noted in Fig. 3 that the relative intensity of this new band increases with temperature. Based on these features, this new emission band may be attributed to the e 1 -lh 1 recombination. Although an earlier such observation was made by Kim et al. 25 in GaInNAs/ GaAs MQWs, no further supportive evidence for such an assignment has been given. Here we provide direct evidence by a polarized PL measurement.
As is well known, in a compressively strained QW the luminescence from the electron to heavy-hole transitions is linearly polarized in the plane of layers, whereas the luminescence from electron to light-hole transitions is unpolarized. 23 This polarization nature cannot be distinguished by traditional PL measurements in backscattering geometry because the polarization of the as-observed PL is always in the layer plane. However, this can be achieved by observing the linear polarization of luminescence from a cleaved edge of a QW sample. We have used the geometry shown in the inset of Fig. 4 to determine the origin of the QW luminescence. Figure 4 shows the PL spectra of the sample detected without polarization selection, and detected with polarization parallel or perpendicular to the layer plane. The spectra have been normalized with respect to the lowenergy emission band. It is interesting to note the change of relative weight of the two emission bands with the polarization direction. Without the polarization ͑curve 2͒, there are obviously two emission bands. When the polarization direction is in the vertical, that is, layer plane direction ͑curve 3͒, the high-energy band has been largely suppressed and the PL spectrum is dominated by the lower-energy band. This result implies that the low-energy band is polarized in the layer plane, while the high-energy band has a component that is polarized perpendicular to the layer plane. This is further confirmed by the PL spectrum when the polarization is in the horizontal direction. In this case, the relative weight of the high-energy band to the low-energy band is even higher. It should be pointed out that, in principle, the e 1 -hh 1 transition should vanish in this case. In our experiment, we only observe the suppression of the PL band of e 1 -hh 1 transition rather than it vanishing. This can be attributed to two reasons: ͑1͒ the extinction coefficient of polarization is not 100%, and ͑2͒ the response of the monochromator is anisotropic about polarization, with the vertical direction higher than horizontal direction. Nevertheless, it is apparent that the high-energy band has a component perpendicular to the layer plane. This component can be obtained by subtracting curve 2 by curve 3, as has been shown as curve 4. The energy difference of the two emission bands is ϳ120 meV, which is in close consistence with the energy splitting between e 1 -hh 1 and e 1 -lh 1 transitions ͑123 meV͒ deduced by the PLE spectrum in Fig. 1 . Therefore, the high-energy emission band can be safely assigned to e 1 -lh 1 transition.
In summary, high-quality 1.3 m strain-compensated GaInNAs/ GaAs QW samples grown by MOVPE have been studied in detail by optical measurements. The electronic structure has been investigated by PLE. The observed transition energies are consistent with theoretical calculations based on the BAC model. The polarization dependence of the PL observed in the direction of a cleaved edge has been used to identify the character of the optical transitions.
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